Oxidative stress, resulting from accumulation of reactive oxygen species, plays a critical role in neuronal cell death associated with neurodegenerative diseases and stroke. In the present study, we have investigated the potential neuroprotective effect of pituitary adenylate cyclase-activating polypeptide (PACAP) on oxidative stress-induced apoptosis. Incubation of cerebellar granule cells with PACAP inhibited hydrogen peroxide-evoked cell death in a concentration-dependent manner. The effect of PACAP on granule cell survival was not mimicked by vasoactive intestinal polypeptide and was blocked by the antagonist PACAP6-38. The protective action of PACAP upon hydrogen peroxide-induced neuronal cell death was abolished by the MAP-kinase kinase (MEK) inhibitor U0126 and mimicked by the caspase-3 inhibitor Z-DEVD-FMK. PACAP markedly inhibited hydrogen peroxide-evoked caspase-3 activation and DNA fragmentation. Taken together, these data indicate that PACAP, acting through PACAP receptor type 1, exerts a potent protective effect against neuronal degeneration induced by hydrogen peroxide. The anti-apoptotic effect of PACAP is mediated through the MAP-kinase pathway and can be accounted for by inhibition of caspase-3 activation resulting from oxidative stress.
Introduction
Oxidative stress in living cells results from accumulation of reactive oxygen species and free radicals such as hydrogen peroxide (H 2 O 2 ), hydroxyl radicals, nitric oxide and superoxide anions (Chan, 2001 ). In the brain, oxidative stress induced by ischemia reperfusion, trauma or various neurodegenerative diseases, initiates the cascade of events leading to apoptosis (Greenlund et al., 1995) and thus plays a critical role in neuronal injury (Mattson et al., 2001) . Studies conducted in various cell lines have shown the implication of the interleukin-1b-converting enzyme Ced-3-related cysteine protease caspase-3 in cell damage caused by reactive oxygen species (Yamakawa et al., 2000; Kajiwara et al., 2001) . It has also been demonstrated that transient cerebral ischemia enhances caspase-3 gene expression and induces pro-caspase-3 activation (Chen et al., 1998; Namura et al., 1998; Ni et al., 1998) . Therefore, agents inhibiting caspase-3 activity may hold promise for salvaging neurons from oxidative injury (Love, 1999) .
Pituitary adenylate cyclase-activating polypeptide (PACAP) is a 38-amino acid neuropeptide initially isolated from an ovine hypothalamic extract using cAMP formation in pituitary cells as a bioassay (Miyata et al., 1989) . The N-terminal domain of PACAP exhibits 68% sequence identity with vasoactive intestinal polypeptide (VIP), identifying PACAP as a member of the secretin-glucagon-VIP superfamily (Arimura, 1998; Vaudry et al., 2000a) . The observation that PACAP and its receptors are actively expressed in the central nervous system during development (Nielsen et al., 1998; Zhou et al., 1999; Basille et al., 2000) suggests that PACAP exerts neurotrophic activities. Consistent with this notion, it has been recently shown that PACAP promotes survival of cholinergic neurons (Takei et al., 2000) and inhibits mitosis of embryonic cortical precursors (Nicot & DiCicco-Bloom, 2001 ). In the immature rat cerebellum, PACAP has been found to prevent programmed cell death of granule neurons both in vitro (Gonzalez et al., 1997) and in vivo . The neurotrophic effect of PACAP is mediated through inhibition of caspase-3 (Vaudry et al., 2000b) which plays a key role in apoptosis of granule cells during development (Kuida et al., 1996) .
The anti-apoptotic and prodifferentiating effects of PACAP described in neurodevelopmental models suggest that the neuropeptide could exert similar activities in a physiopathological context. The aim of the present study was to examine whether PACAP could exert a neuroprotective effect against H 2 O 2 -induced apoptosis in rat cerebellar granule cells and to investigate the capacity of PACAP to prevent the activation of caspase-3 elicited by oxidative stress.
Materials and methods

Animals
Wistar rats (Depre Â, Saint-Doulchard, France) were kept in a temperature-controlled room (21 T 1°C), under an established photoperiod (lights on 07.00±19.00 h) and with free access to food and tap water. Animal manipulations were performed according to the recommendations of the French Ethical Committee and under the supervision of authorized investigators.
Chemicals
PACAP was synthesized by solid-phase methodology, as described previously (Chartrel et al., 1991) . PACAP6-38 and VIP were obtained from the American Peptide Company (Sunnyvale, CA, USA). H 2 O 2 , N 6 ,O 2 ,dibutyryladenosine 3¢,5¢-cyclic-monophosphate (dbcAMP), phorbol 12-myristate 13-acetate (PMA), dimethylsulphoxide and the N-2 supplement were purchased from Sigma Aldrich (Saint-Quentin Fallavier, France). Bovine serum albumin (BSA) was from Boehringer Mannheim (Meylan, France). Dulbecco's modi®ed Eagle's medium (DMEM) was from Life Technologies (Grand Island, NY, USA). The caspase-3 inhibitor Z-DEVD-FMK and U0126 were from Promega (Charbonnie Áres, France). Horseradish peroxidase-conjugated secondary antibodies were from Amersham (Les Ulis, France).
Primary culture of cerebellar granule neurons
Granule cell suspensions were prepared from the cerebella of 8-dayold rats, killed by decapitation, as described previously (Gonzalez et al., 1992) . The cells were cultured in a chemically de®ned medium consisting of 75% DMEM and 25% Ham's F12 supplemented with 2 mM glutamine, 1 mM sodium pyruvate, 25 mM KCl, the N-2 supplement (Q 100) and 1% of an antibiotic-antimicotic solution (10 000 U/mL penicillin, 10 mg/mL streptomycin, 25 mg/mL fungizone) (Biowhittaker, Wakersville, MD, USA). Cells were maintained at 37°C in a humidi®ed atmosphere of 5% CO 2 /95% air. ).
Measurement of caspase-3 activity
Cultured cells were washed twice with PBS at 37°C and resuspended in PBS at 4°C. Cells were harvested by centrifugation (350 g, 4°C, 10 min) and treated with a¯uorometric caspase assay system (Promega). Brie¯y, the cell pellet was resuspended in 10 mL hypotonic cell lysis buffer and centrifuged (16 000 g, 4°C, 20 min). The supernatant was preincubated at 30°C for 30 min with 32 mL of the caspase assay buffer, 2 mL dimethylsulphoxide, 10 mL DTT (100 mM) and deionized water to a ®nal volume of 100 mL. The samples were then incubated with 2 mL of the caspase-3 substrate Ac-DEVD-AMC (2.5 mM) for 1 h at 30°C. Fluorescence intensity was measured with the Bio-Tek FL600¯uorescence microplate reader. The speci®city of the assay was veri®ed by adding 2.5 mM of the caspase-3 inhibitor Ac-DEVD-CHO to the incubation mixture.
Visualization of active caspase-3
Granule cells treated during 12 h with H 2 O 2 (12 mM) in the absence or presence of PACAP were incubated for 30 min with thē uorescent caspase inhibitor FITC-VAD-FMK (Promega). Cells were then washed twice with PBS to remove the excess of probe and ®xed for 30 min in a 4% paraformaldehyde solution. Granule cells were visualized by phase contrast and active caspase-3 (green uorescence) was revealed by UV excitation. The two images were superimposed using the video imaging software Metamorph (Princeton Instruments, Evry, France).
Western blot analysis
Total cellular proteins were extracted by incubating neurons in lysis buffer containing 1% Triton X-100, 50 mM Tris-HCl and 10 mM EDTA. The homogenate was centrifuged (20 000 g, 4°C, 15 min) and the proteins contained in the supernatant were precipitated by addition of ice-cold 10% trichloroacetic acid. The extract was centrifuged (15 000 g, 4°C, 15 min) and washed three times with alcohol/ether. The pellet was denatured in 50 mM Tris-HCl (pH 7.5) containing 20% glycerol, 0.7 M 2-mercaptoethanol, 0.004% (w/v) bromophenol blue and 3% (w/v) sodium dodecyl sulphate (SDS) at 100°C for 5 min, and electrophoresed on a 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). After separation, proteins were electrically transferred onto a nitrocellulose membrane (Amersham). The membrane was incubated with blocking solution (1% BSA in Trisbuffered saline containing 0.05% Tween 20) at room temperature for 1 h, and revealed with antibodies against the active forms of extracellular signal-regulated kinase (ERK; Promega), c-Jun N-terminal kinase (JNK; Promega) and p38 (Santa Cruz Biotech, Santa Cruz, CA, USA) using a chemiluminescence detection kit (ECL System, Amersham). Autoradiographic ®lms were quanti®ed using an image analysis system (Biocom, Les Ulis, France).
Visualization of DNA laddering
Internucleosomal DNA cleavage was assessed by conventional gel electrophoresis after extraction of nuclear DNA, using the Wizard TM Plus Minipreps DNA puri®cation system (Promega). Brie¯y, granule cells were treated with H 2 O 2 in the absence or presence of PACAP, and then incubated for 10 min at room temperature in a lysis buffer containing 50 mM Tris-HCl, 10 mM EDTA, 1% Triton X-100 and 50 mg/mL RNase A. After centrifugation (14 000 g, 4°C, 15 min) the cleaved DNA (supernatant) was separated from intact genomic DNA (pellet). DNA fragments were incubated for 5 min in the presence of the Wizard resin and transferred into a vacuum manifold column. After three washes with the column wash solution, DNA fragments were eluted with 50 mL of distilled water. DNA ladders were visualized under UV light after separation on a 1.5% agarose gel.
Measurement of mitochondrial activity
Mitochondrial membrane potential was quanti®ed using the ratiometric probe JC-1 (Molecular Probes, Leiden, The Netherlands). In healthy granule cells, the intact membrane potential allows the lipophilic dye JC-1 to enter into the mitochondria where it accumulates and aggregates, producing an intense orange signal. In apoptotic cells, mitochondrial membrane potential collapses, the monomeric JC-1 remains cytosolic and stains the cytosol in green. Immature granule cells were treated for 12 h with H 2 O 2 (12 mM) in the absence or presence of PACAP. The cells were then incubated for 30 min with 3 mL/mL JC-1 and washed twice with PBS before observation on the video imaging system. The proportion of aggregated vs. monomeric JC-1 probe was quanti®ed by measuring the ratio of¯uorescence emissions at 590 nm (orange) over 530 nm (green).
Results
Effect of PACAP on H 2 O 2 -induced granule cell death
Incubation of cultured granule cells with graded concentrations of H 2 O 2 for 24 h provoked a dose-dependent decrease of the proportion of surviving cells (Fig. 1A) . After 24 h of treatment, half the cells died when incubated with 12 mM H 2 O 2 , a concentration that was employed in all subsequent experiments. Coincubation of granule cells with H 2 O 2 and graded concentrations of PACAP for 24 h induced a dose-dependent increase in the number of surviving cells (Fig. 1B) . The maximum effect (+42% of living cells) was observed with 10 ±7 M PACAP. Addition of the PACAP antagonist PACAP6-38 (10 ±6 M) totally abolished the neuroprotective action of PACAP (Fig. 1C) . Incubation of granule cells with VIP, at concentrations up to 10 ±6 M, had no signi®cant effect on H 2 O 2 -induced cell death (Fig. 1D ). The neurotoxic effect of H 2 O 2 was associated with morphological modi®cations of granule cells that were suggestive of apoptotic cell death, such as cell shrinkage and nuclear condensation ( Fig. 1E and F) . Coincubation of granule cells with H 2 O 2 and PACAP (10 ±7 M) restored the typical shape of differentiated neurons with bipolar fusiform cell bodies and long neurites (Fig. 1G) .
Signal transduction pathways involved in the neuroprotective effect of PACAP against H 2 O 2 -induced granule cell death Incubation of granule cells with dbcAMP (10 ±3 M) mimicked the protective effect of PACAP on H 2 O 2 -evoked cell death (Fig. 2A) . The neuroprotective effect of PACAP and dbcAMP were not additive. Administration of PMA (10 ±7 M) did not modify the protective actions of PACAP and dbcAMP on granule cell survival ( Fig. 2A) . Administration of the MEK inhibitor U0126 (20 mM) did not affect spontaneous or H 2 O 2 -induced cell death, but totally abrogated the neuroprotective effect of PACAP (Fig. 2B) . The speci®c caspase-3 inhibitor Z-DEVD-FMK (100 mM) suppressed the effect of H 2 O 2 on granule cell death (Fig. 2C) . At this concentration, the effect of Z-DEVD-FMK on H 2 O 2 -induced cell death was similar to that of 10 ±7 M PACAP (Fig. 2C) .
Effect of H 2 O 2 and PACAP on phosphorylation of ERK, JNK and p38
The inhibitory effect of U0126 on PACAP-induced survival of granule cells treated with H 2 O 2 suggested the involvement of MAPkinases in the neuroprotective effect of PACAP. H 2 O 2 did not signi®cantly affect the activation of ERK, while PACAP produced a signi®cant stimulation (+92%) of ERK phosphorylation ( Fig. 3A and  B) . The effect of PACAP was maximum after 2 min of treatment and was still observed after 30 min. Conversely, incubation of granule cells with H 2 O 2 strongly increased (+75%) the level of phosphorylated JNK after 10 min of treatment while PACAP had no effect ( Fig. 3C and D) . Finally, neither H 2 O 2 nor PACAP had any signi®cant effect on the activation of p38 ( Fig. 3E and F rapidly increased caspase-3 activity, a signi®cant effect being observed after 3 h of treatment (Fig. 4A) . Incubation of granule cells with graded concentrations of H 2 O 2 produced a dose-dependent increase in caspase-3 activity (Fig. 4B) . Treatment of granule cells with 10 ±10 M PACAP signi®cantly reduced H 2 O 2 -induced caspase-3 activity (Fig. 4C) . At a concentration of 10 ±9 M, PACAP totally FIG. 3 . Time-course of the effects of hydrogen peroxide (H 2 O 2 ) (12 mM) and PACAP (10 ±7 M) on phosphorylation of the MAP-kinases ERK1/2, JNK and p38 in cerebellar granule cells. Granule cell proteins were separated on SDS-PAGE and subjected to immunoblotting with antibodies against the phosphorylated forms of ERK1/2 (A and B), JNK (C and D) and p38 (E and F). Representative immunoblots are shown on the top of each ®gure. The histograms show the mean values (T SEM) of three independent experiments. **P < 0.01; ***P < 0.001 vs. control. suppressed the effect of H 2 O 2 on caspase-3 (Fig. 4C) . The effects of H 2 O 2 and PACAP on caspase activation were visualized by video microscopy using the¯uorescent inhibitor FITC-VAD-FMK (Fig. 4D±F) . Treatment of granule cells with H 2 O 2 (12 mM) resulted in intense labelling of granule cell bodies ( Fig. 4D and E) .
Coincubation of granule cells with H 2 O 2 and PACAP markedly reduced the proportion of¯uorescent cells (Fig. 4E and F) .
As reported previously (Vaudry et al., 2000b) , moderate DNA fragmentation occurred in cerebellar granule cells cultured in control conditions (Fig. 4G) . Exposure of granule cells to H 2 O 2 (12 mM) during 12 h provoked a marked increase of DNA cleavage (Fig. 4G) . Addition of PACAP (10 ±7 M) totally suppressed the effect of H 2 O 2 on DNA fragmentation (Fig. 4G) .
Effect of H 2 O 2 and PACAP on mitochondrial membrane potential
In order to determine if apoptosis of granule cells induced by H 2 O 2 could be ascribed to the alteration of mitochondrial activity, the membrane potential of mitochondria was measured using the ratiometric probe JC-1. In control conditions, most granule cells exhibited three¯uorescent signals: green¯uorescence (530 nm) generated by the cytoplasmic monomeric probe, red¯uorescence (590 nm) generated by the aggregated probe metabolized by active mitochondria, and yellow¯uorescence produced by superposition of red and green signals (Fig. 5A) . Treatment of granule cells with H 2 O 2 (12 mM) for 12 h resulted in a marked decrease of the red and yellow signals, most granule cells appearing green (Fig. 5B ). Quantitative analysis revealed that H 2 O 2 induced a signi®cant reduction (±38%) of the 590/530 nm ratio (Fig. 5D ). PACAP (10 ±7 M) signi®cantly inhibited the deleterious effect of H 2 O 2 on mitochondrial membrane potential ( Fig. 5C and D) .
Discussion
It has been previously reported that oxidative stress induced by H 2 O 2 causes apoptosis of different types of nerve cells, including granule cells (Bhat & Zhang, 1999; Gotz et al., 1999; Mailly et al., 1999; Wei et al., 2000) . We have recently demonstrated that PACAP promotes the survival of immature granule cells (Gonzalez et al., 1997) through inhibition of caspase-3 activity (Vaudry et al., 2000b) . In the present study we demonstrate that PACAP can protect granule cells from apoptosis induced by exposure to H 2 O 2 , and we describe the transduction mechanisms involved in the neuroprotective action of PACAP against oxidative stress.
Effects of PACAP on granule cell survival
In agreement with previous reports, we observed that exposure to H 2 O 2 provoked death of cerebellar granule cells in a concentration-dependent manner (Gotz et al., 1999) . The neuronal death induced by H 2 O 2 exhibited the characteristic features of apoptosis including cell shrinkage, nuclear condensation and DNA fragmentation (Joza et al., 2001) . Coincubation of H 2 O 2 -treated granule cells with the neuropeptide PACAP resulted in a dose-dependent increase in the number of surviving neurons, indicating that PACAP exerts a neuroprotective action against oxidative stress-induced apoptosis.
Two PACAP receptors are expressed by cerebellar granule neurons: the PACAP-speci®c receptor PAC1-R (Shioda et al., 1997; Zhou et al., 1999) and the VIP/PACAP mutual receptor VPAC1-R (Basille et al., 2000) . The present study showed that the effect of PACAP on H 2 O 2 -evoked cell death was abrogated by the antagonist PACAP6-38. Moreover, VIP, at concentrations up to 10 ±6 M, did not mimic the effect of PACAP on cell survival. These 
Signalling pathways involved in the neuroprotective effect of PACAP
It has been previously shown that, in cerebellar granule cells, PACAP stimulates both the adenylyl cyclase/protein kinase A, the phospholipase C/protein kinase C (PKC) and the MAP-kinase transduction pathways (Basille et al., 1995; Favit et al., 1995; Villalba et al., 1997) . We found that the effect of PACAP on H 2 O 2 -induced apoptosis was mimicked by the cAMP-permeable analogue dbcAMP and was blocked by the MEK inhibitor U0126, indicating that the neuroprotective action of PACAP can be accounted for by activation of both adenylyl cyclase and MAP-kinases. In contrast, the fact that PMA had no effect suggests that the PKC pathway is not involved in the protective action of PACAP against oxidative stress.
There is now clear evidence that the MAP-kinase signalling cascade is involved in apoptotic death of cerebellar granule neurons (Harada & Sugimoto, 1999; Le-Niculescu et al., 1999) . In particular, it has been recently demonstrated that apoptosis of granule cells requires phosphorylation of JNK (Harada & Sugimoto, 1999) , whereas the anti-apoptotic effect of brain-derived neurotrophic factor (BDNF) necessitates phosphorylation of ERK (Han & Holtzman, 2000) . Consistent with these observations, we now show that H 2 O 2 causes JNK phosphorylation while PACAP stimulates ERK phosphorylation. These data support the view that a dynamic balance between stress-activated JNK and growth factor-activated ERK is important in determining whether a cell undergoes apoptosis or survives (Xia et al., 1995) .
Effects of H 2 O 2 and PACAP on caspase-3 activity
Because caspase-3 plays a prominent role in apoptosis of cerebellar granule neurons (Kuida et al., 1996) and because activation of caspase-3 by H 2 O 2 has been evidenced in several cell types such as hippocampal neurons (Ishikawa et al., 1999) or PC12 cells (Yamakawa et al., 2000) , we investigated the possible effects of H 2 O 2 and PACAP on caspase-3 activity in cerebellar granule cells. We observed that, after 4 h of treatment, H 2 O 2 induced a massive increase of caspase-3 activity while the caspase-3-inhibitor Z-DEVD-FMK markedly prevented H 2 O 2 -induced apoptosis. In addition, the effect of H 2 O 2 on caspase-3 activity was associated with intense DNA laddering, an apoptotic process known to follow caspase-3 activation (D'Mello et al., 2000; Mouzannar et al., 2001) . Taken together these data suggest that activation of caspase-3 by H 2 O 2 is a key step leading to apoptosis of granule cells. Addition of PACAP totally suppressed caspase-3 activation and DNA fragmentation, and markedly inhibited apoptosis (±70%) induced by H 2 O 2 , suggesting that the neuroprotective effect of PACAP against H 2 O 2 -induced apoptosis can be ascribed to inhibition of caspase-3.
Although our understanding of the detailed signalling mechanisms that can trigger apoptosis is still fragmentary, it is widely accepted that diverse initiator pathways can lead to activation of caspase-3. One of these pathways involves permeabilization of the mitochondrial outer membrane yielding to the release of cytochrome C in the cytosol which in turn, together with the adaptor molecule Apaf-1, induces activation of pro-caspase-9. Active caspase-9 subsequently activates caspase-3. Measurements of mitochondria activity with the membrane potential-sensitive probe JC-1 revealed that treatment with H 2 O 2 resulted in a dose-dependent decrease of the proportion of active mitochondria that was prevented by PACAP. Collectively, these data strongly support the involvement of mitochondria in the signalling cascade leading from oxidative stress to caspase-3 activation.
Pathophysiological considerations
High concentrations of PACAP and its receptors are present in the brain during development (Nielsen et al., 1998; Basille et al., 2000) . In the rat cerebellar cortex, PACAP is synthesized by Purkinje cells while PAC1 receptors are intensively expressed by granule cells (Nielsen et al., 1998; Basille et al., 2000) . Experiments using transgenic mice lacking Purkinje cells have shown that these cells promote the survival of cerebellar granule cells (Smeyne et al., 1995) . These observations together with the present ®ndings suggest that PACAP can also act as a neurotrophic factor in vivo.
Recent reports have focused attention on the involvement of oxidative stress in the neurodegenerative process observed during ischemia (Martin, 2001; Mattson et al., 2001) . Generation of oxygenderived free radicals induces neuronal cell death after acute brain injury such as ischemia reperfusion or trauma (Hyslop et al., 1995) . In particular, superoxide anion (O 2Ǻ ), which has limited toxic effect by itself, can be converted into reactive oxygen species such as H 2 O 2 through the action of superoxide dismutase. In turn, H 2 O 2 exerts its toxicity mainly via the formation of the highly reactive hydroxyl radical (OHǺ), which leads to alterations of lipids, proteins and DNA (Joshi & Lancaster, 1997) . Under pathological situations such as ischemia reperfusion, various cell types including neurons produce large amounts of H 2 O 2 (Hyslop et al., 1995) . It has recently been shown that PACAP reduces by 50% the size of the infarcted zone induced by focal ischemia, even when the peptide is administered 4 h after induction of the trauma . In addition, PACAP is able to cross the blood±brain barrier by means of the peptide transport system PTS-6 (Mizushima et al., 1999; Somogyvari-Vigh et al., 2000) with a rate of diffusion sixfold higher than that of morphine (Banks et al., 1993) . These observations suggest that PACAP might have a therapeutic potency for treatment of cerebral injuries.
Expression of caspase-3 is enhanced during the ®rst few hours after transient ischemia (Chen et al., 1998) and inhibition of caspase-3 activity prevents apoptosis (Nicholson et al., 1995) . Thus, the neuroprotective effect of PACAP against the deleterious action of oxidative stress observed in ischemia models is likely to result from the powerful inhibitory effect of the peptide on caspase activities. Several NMDA antagonists and free radical scavengers have been tested in patients suffering from stroke but the clinical experience with these drugs indicates that they are poorly tolerated when administered at doses required to achieve neuroprotection (Muir & Lees, 1995) . As stroke is one of the most debilitating disease in industrialized countries, it is essential to test other potential therapeutic agents such as PACAP and to decipher their mechanism of action (Warren et al., 1992) .
In conclusion, the present study has demonstrated that PACAP, acting through PAC1-R, exerts a potent neuroprotective effect against oxidative stress. The anti-apoptotic effect of PACAP can be ascribed to stimulation of the MAP-kinase transduction pathway and inhibition of reactive oxygen species-induced activation of caspase-3. These data suggest that selective PAC1-R agonists may have a therapeutic value for the treatment of neuronal death induced by ischemia reperfusion or resulting from neurodegenerative disorders.
